Electronic dephasing in wires due to metallic gates. 
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The dephasing effect of metalhc gates on electrons moving in one quasi-one-dimensional diffusive 
wires is analyzed. The incomplete screening in this geometry implies that the effect of the gate can 
be described, at high energies or temperatures, as an electric field fluctuating in time. The resulting 
system can be considered a realization of the Caldeira-Leggett model of an environment coupled 
to many particles. Within the range of temperatures where this approximation is valid, a simple 



estimation of the inverse dephasing time gives r^- 



PACS numbers: 73.21.-b, 73.22-f, 73.23.-b 



I. INTRODUCTION. 

The low temperature dephasing time of electrons in dif- 
fusive metals has attracted a great deal of attentio n^i^i'^i'^ . 
Different mechanisms has been proposed to explain the 
anomalous dephasing properties. Some of them are 
extrinsic, like dynamical defectsi^, two level systems^, 
or magnetic impuritieg^. Alternatively, intrinsic ef- 
fects have also been proposed^. Screening effects in 
a quasi-one-dimensional geometry are significantly re- 
duced, leading to a breakdown of Fermi liquid theory at 
low temperatures2ii£ (see alsoii). In the following we 
study the dephasing induced by metallic gates on quasi- 
one-dimensional diffusive wires. The study follows the 
analysis in^^, where dephasing effects in ballistic quan- 
tum dots was considered. 

As discussed in more detail below, the presence of the 
gate implies the existence of two regimes: i) For distances 
L <C z, or time scales larger than V^^z^ , where P^ is the 
diffusion coefficient of the wire, and z is the distance to 
the gate, the dephasing time is the sum of a contribution 
from charge fluctuations within the wire and another due 
to the fluctuations at the gate. The fluctuating poten- 
tial induced by the gate varies at scales comparable or 
larger than z. Hence, the gate potential at these scales 
can be calculated within the dipolar approximation. Be- 
cause of the one dimensional geometry of the wire, this 
potential is not screened by the charge fluctuations of the 
wire. As discussed inM, this coupling can be considered a 
generalization to a many particle system of the Caldeira- 
Leggett model of ohmic dissipatiorki^. This model shows 
anomalous dephasing in many situationsi^ii^iiSiil. ii) At 
distances L 3> 2: or time scales lower than 'D~^z^ the 
distance between the wire and the gate can be neglected. 
The screening by the gate leads to an effective short range 
potential along the wire. This effect, however, only in- 
cludes logarithmic corrections in the standard expression 
for the inverse dephasing time in wiresSiiSiii (see below) . 
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These different regimes of the model are discussed in sec- 
tion III. The next section generalizes the results to gates 
with different geometries. Finally, section V contains a 
discussion of the most relevant results. The units are 
such that h = \. 
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FIG. 1: Sketch of the system considered in the text. 



II. THE MODEL. 

We study the setup sketched in Fig. p] . A wire of width 
w is located at height z over a two dimensional metallic 
gate of width w' . The effects of the finite width of both 
systems is included through the densities of states, i^w 
and vq, defined as number of states per unit length and 
per unit area respectively. We study the contribution 
to dephasing from the gate using the scheme proposed 
inii. The probability of transition of a particle at the 
Fermi level to other states, after time t, using second 
order perturbation theory, at temperature T = (3~^, is: 
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where qy is the momentum in the direction parallel to vertical coordinate. We assume that the wire is at ^ = z, 

the wire, and Vscr{(l\\,uj) is the screened potential be- and the gate is at z = 0. The screened potential at these 

tween points within the wire. In general, we can write two vertical coordinates can be written as: 
the screened potential as Wscr(^, Qii , q_L, ^), where z is the 
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^'scr(^,q||,q_L,w) = Wo(2:,q||,q±,tj) + — — Xw(q||,w) / dq±Wscr(2,q||,q±,w)- 
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where qy and q_L are the momenta parallel and perpendicular to he wire, and Xw and xg are the polarizabilities of 
the wire and the gate. They are given by: 

i^w^wqij 
Xw(q||,w) = --. — -^ — 2 
" luj + 2?wq| 

where u-^jVg, 2?w and X'g are the densities of states and diffusion coefficients of the wire and the gate, respectively. 
From the second of the equations in (0), we can write: 

■yo(0, q|| , q_L, w) + 2^Xw(q|| , w) / dq_LUscr(^:, q|| , q_L, w) 
«scr(0,q||,qx,cu) = '\ ^ (4) 

i-^XG(q||,q±,^) 

For a point charge at a point in the wire, we have: 
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Using this expression, and inserting eq.Q) into the first equation in (O, we find: 
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J |qr l-^XG(q,w) 

where gc is a high momentum cutoff proportional to the inverse of the width of the wire. 
For sufficiently low momenta, |q| ^ e^i/Q, we can write: 

J^(qt|,w) « J^i(q||) -icjJS(qii) 



■^i(qii) = Mq± — rn iog(q||z) 
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For small frequencies, u> < X'wQn, we find: 
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III. RESULTS. 
A. Dipolar approximation (t~^(T) S> V^/z^). 

The integral over the time difference t — t' in eq.Q is bounded by the inverse of the temperature, /3. Both 
z and the value of ([r(r) — r(T')] ) for t ~ t' ~ (3 act as a lower cutoff in the integrals over q||, so that 

q||l^^ <C Min< ([r(T) — r(T')] ),z^ \. When {[v{t) — r(T')] ) ^ z^, we can limit the integral over q|| to |q||| < z~^ 
and substitute: 



g*q||[r(r)-r(r')] ^ - {q|| [r (t) - r(T')] } ^ 

Within these approximations, and setting q~^ « w, eq.® becomes: 

Im[i;,er(q||,c^)]e^i||["-(^)-^(^')l « «iD(q||, c^)e'''"['^("^-'"^"'^l 
wiD(q||,w) 
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Inserting ea. (|12|l in eq.(^ one obtains that P^^\t) can term when inserted in eq. (Q , give the contribution to the 
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be written as the sum of two contributions, Vw (t) and function Vq (t) calculated inil, leading to the standard 

V^Q\t) arising from vir, and W2D (note that screening expression for the dephasing in one dimensional wires, 
effects from the gate are included in the the denominator The contribution from t)2D in ea. p2|) to eq.J^I can be 

of viD in ea. (|ll|l through the term log(qcz) ). The first written as: 
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Using ([r(r) — r(r')] ) = I'w(''' — t'), we finally obtain: On the other hand, the dephasing time due to intrinsic 



processes can be written as (see alsoia) 
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From this equation we can define a dephasing time due Because of the different temperature dependence, t^^ is 

greater than t^^ at temperatures below a value T' given 
by: 



(2) 

to the presence of the gate, Vq (tq) « 1, as: 
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The approximations leading to this result are valid pro- 
vided that Tq^ > V^/z^. This condition breaks down 
below a temperature T" given by: 

T" ^^e'vlvoVG\oe{zlw) (16) 

The dephasing due to the gate dominates if a temper- 
ature range T" < T < T' . The incquahty T" < T' 
implies: 
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where fcp and fcp are the Fermi wavevectors at the wire 
and gate, l^ and Iq arc the elastic mean free paths in 
the wire and gate, Ww is the width of the wire, and 
Tsw ~ (e^A:p)/[(?i^A:p^)/TO] is inversely proportional to 
the electronic density in the wire. In the presence of a 
dielectric between the wire and the gate with dielectric 
constant eo, one has to replace the electric charge e^ by 
e^/eo in all expressions. Hence, ea. ljlTI) can only be sat- 
isfied for very clean wires, such that z <^ l^, or in the 
presence of a large dielectric constant, eg. 



B. Low temperature regime (r ^(T) <C V^/z^). 

. At low temperatures the electrons diffuse coherently 
over distances much larger than z. The dipolar approx- 
imation, eq.@ cannot be made, and the cutoff in the 
integrals over q|| is [^^{t — t')]~^. Then, using eq.® 
we obtain, 
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Neglecting logarithmic corrections, this result leads to 
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In this regime there is also a contribution from the intrin- 
sic processes, given by ea. ((T^ . These processes will dom- 
inate at sufficiently low temperatures, T < T'" where: 



= 12, ,4 ,,3 
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Note that when T" < T'" , where T" is given in ea. l(TB|) 
the contributions from the gate are always smaller than 
those coming from fluctuations in the wire. The condi- 
tion T'" < T" reduces to ea. (fT7j) . 



Combining the results in this subsection and in the 
preceding one, we can write: 
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where / is defined in ea. l|17|l . These expressions lead to: 
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IV. EXTENSIONS TO OTHER GEOMETRIES. 

A. One dimensional gate. 

The analysis in the two previous sections can be ex- 
tended, in a straightforward way, to the case where the 
gate is another quasi-one-dimcnsional wire. The gate 
polarizability, defined in eq.© depends only on the mo- 
mentum parallel to the wire. The function J- in eq.® 
becomes: 



-cf \ 4s-2/ N XG(q||,w) 
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where A'o(q||2:) is a modified Bessel function: 
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We can, as in the preceding section, study separately 
the dipolar regime, r~^ ^ P^/z^, and the long time 
regime, t~^ ^ Vyj/z"^. In the dipolar regime, using 
eq.©, we obtain: 



e'^VG'DQz{v^ + vq) 



(26) 



(note that now v^ is a quasi-one-dimensional density of 
states). The restriction t~^ < V^/z"^ implies that this 
result is only valid for temperatures T > T" where: 
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At high temperatures, T > T', we find Tq ^ < t^^-^I, where: 
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(28) 



The condition required for the relevance of the dephasing 
due to the gate, T" < T' imphes: 



1 < 
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It is interesting to note that this condition does not de- 
pend on the distance between the wire and the gate. 

At temperatures below T", such that r^^ < V^jz^^ 
the combined system acts like an effective one dimen- 
sional wire, leading to a t~^ oc T^/"^ dependence. 



B. Three dimensional gate. 





We assume that quasiparticles at the gate are spec- 
ularly reflected at the boundary. Then, the screening 
properties of the system can be calculated from the fluc- 
tuations of surface charges at the top of the gatei^. The 
function T in eq.® can be written as: 
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FIG. 2: Schematic representation of the intrinsic and gate 
contributions to the inverse dephasing time, eg. 12311 . Left: 
constraint in eg. 1171 is satisfied. Full line, rint, eg. (1141 . Bro- 
ken line, TG, eg. lll3|l . Dotted line, tg, eg. l|2n|l . The values of 
the temperatures T' ,T" and T'" are given in eqs. 1151 . 1161 
and 1211 . Right: constraint in eg. 1171 is not satisfied. The 
intrinsic contribution to the inverse dephasing time, eg. 1141 . 
dominates. 



Using this expression, the parameters tq,T' , T" and T'" 
which characterize the dephasing induced by the gate 
can be calculated. One finds that they show the same 
dependence as for a quasi-two-dimensional gate, with 



the only replacement v^ 



2D 



y^P X z, similarly to the 



results discussed ioi^. Qualitatively, a three dimensional 
gate behaves as a two dimensional gate of width z. The 
constraint which needs to be satisfied for the gate induced 
dephasing to be dominant is: 
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effects of the gate. The inequality which needs to be 
satisfied for the gate induced dephasing to prevail is: 



1 < 
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This expression, valid for grains larger than the mean 
free path, is very similar to the corresponding one for a 
three dimensional gate, ea. (|^ . The effects of a granular 
gate, however, can be greatly enhanced by the surface 
roughness of the grainsSi (see also2^), or for grains much 
smaller than the mean free path. 



C. Granular gate. 



CONCLUSIONS. 



We now analyze the dephasing induced by a gate made 
up of disconnected metallic grains. We assume that each 
grain has volume V and it is characterized by a diffusion 
coefficient Vq and density of states vq, leading to an in- 
trinsic d. c. conductivity a = e^VQT>Q. Their response 
to an applied field is characterized by their polarizabil- 
ity, V and absorption coefficient, ^{lo) ~ VuP' jc^. The 
dielectric constant of the granular system can be written 
as: 



e(c^) 



y-^W^ 



iioV \ 
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We can insert this expression into eas. (|3(J|l . and carry 
out the following steps in order to obtain the dephasing 



We have analyzed, within the standard approach to 
dephasing in metalaStiSiii the effects of a two dimensional 
diffusive gate on the coherence properties of electrons in 
quasi one dimensional wires. The method used an be 
easily generalized to other types of gates, like granular 
metals or ballistic systems. 

The main results are schematically depicted in Fig. [2] . 
At short distances, or low temperatures, the gate induces 
at the position of the wire an electric field, which fluc- 
tuates in time but is approximately constant in space. 
The resulting model can be considered an extension of 
the Caldeira-Leggett modeli^ to a many particle system. 
Using the self consistent perturbation theory to calculate 
the dephasing time, we find a Tq cx T^'^ dependence. 



This regime requires only the vaHdity of the dipolar ap- 
proximation, see section IIIA. Hence, it is not restricted 
to the diffusive ID wire^^,. At lower temperatures, the 
separation between the gate and the wire becomes irrel- 
evant, and the contribution from the gate changes to a 
Tq^ ex T dependence. 

The contribution to the dephasing rate due to pro- 
cesses intrinsic to the wire does not change qualitatively 
from the standard resul'feSiiSiii. The screening by the gate 
cancels the long range part of the electrostatic potential. 
The resulting interaction, however, when treated within 
the RPA, leads to the usual t^^ oc T^/'^ dependence. 

The contribution from intrinsic processes dominates 
both at low and high temperatures (see Fig.|21). The ex- 
istence of an intermediate range of temperatures where 
the gate determines the inverse dephasing time depends 
on the inequality in ea. (|17|l . This constraint requires 
a mean free path ly:, > z^ which is probably not satis- 
fied in current experimental situation£^'.2iM., where the 
mean free path of the wire is comparable to its trans- 
verse dimensions, a few nanometers. A medium between 



the wire and the gate with large dielectric constant can 
enhance the dephasing due to the gate. Note that a 
non perturbative treatment shows that the coupling to 
an environment modelled by the Caldeira-Leggett model 
strongly suppresses quantum coherence in a variety of 
situationsiiJ^iiSJi. 

Qualitatively similar effects can be expected for other 
types of gates. If the gate is another quasi-one- 
dimensional wire, the condition which determines the 
relative importance of the gate is independent of the dis- 
tance between the two wires, eq.ljSHJ- 
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